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Abstract
Slow liquid scintillator Cherenkov detectors have been proposed as part of sev-
eral future neutrino experiments because they can provide both directionality
and energy measurements. This feature is expected to enhance the sensitivities
for MeV-scale neutrino physics, including solar physics, the search for supernova
relic neutrino, and the study of geo-sciences. In this study, the characteristics
of a slow liquid scintillator were investigated, along with the light yields and de-
cay time constants for various combinations of linear alkylbenzene (LAB), 2,5-
diphenyloxazole (PPO), and 1,4-bis (2-methylstyryl)-benzene (bis-MSB). The
results of our study indicated that LAB with 0.07 g/L of PPO and 13 mg/L of
bis-MSB was the best candidate for an effective separation between Cherenkov
and scintillation lights with a reasonably high light yield.
Keywords: Cherenkov, scintillation, slow liquid scintillator, neutrino detection
1. Introduction
The China Jinping Underground Laboratory (CJPL) is located in Sichuan
Province, China. With an overburden of about 2400 m [1] and located approxi-
mately 1000 km from the closest nuclear power plant, the CJPL is an ideal site
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for low background and MeV-scale neutrino experiments. The Jinping Neutrino
Experiment was proposed at CJPL [2, 3, 4] with the primary goals of focusing
on solar neutrinos, geoneutrinos, and supernova relic neutrinos (also referred to
as the diffuse supernova neutrino background).
In MeV-scale low-energy neutrino experiments, the directional information
of charged particles can be reconstructed by Cherenkov light. A number of
studies [2, 5, 6] have indicated that directional information (for particle in-
dentification) and an accurate measurement of the energy on charged particles
may provide extra discriminating power to the background suppression in MeV-
scale neutrino experiments. For example, the solar angle cut on the direction
of charged particles is a powerful selection criterion for solar neutrino events.
Another study [7] demonstrated that atmospheric neutrino background via the
neutral and charged current interactions, which is one of the major backgrounds
in the search of supernova relic neutrino events, can be effectively suppressed if
electrons and muons are distinguished from non-Cherenkov produced neutrons
and protons by particle identification.
In addition, it is possible to further perform particle identification based on
the ratio of Cherenkov light yield to scintillation light yield. Both features are
also useful for neutrinoless double beta decay experiments [8, 9, 10], neutrino
CP phase measurements [11, 12], proton decay searches [6] and the study of
geoneutrinos [13].
The detection scheme with slow scintillator is now under consideration in
the Jinping Neutrino Experiment [2] and THEIA [5]. Although the concept of
diluted scintillators was pioneered as part of the LSND experiment [14], its low
light yield is not applicable to dedicated low-energy neutrino experiments. It
is import to note that the discriminating individual solar neutrino flux compo-
nent from the recoiled electron energy spectrum requires a reasonable energy
resolution, which should be at least 4.5% at a 1 MeV energy deposit, i.e., 500
photoelectrons/MeV) [2]. This requirement exceeds the yield limit of photo-
electrons in water or heavy water Cherenkov detectors. While liquid scintillator
detectors can meet this requirement, those adopted in present neutrino exper-
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iments only provide energy information, because the extremely small amount
of Cherenkov light emitted by charged particles is completely submerged by
the huge scintillation light. A new type of slow liquid scintillator (water- or
oil-based) has much larger time constants, which provides the opportunity to
separate the Cherenkov light from the scintillation light. The concept of water-
based liquid scintillators (WbLS) was proposed as early as the findings in [15]
and recent efforts toward achieving this can be found in [6, 16, 17, 18].
Linear alkylbenzene (LAB) was revisited in [19]. A quadruple coincidence
system was used to select vertical cosmic-ray muons. It was observed that LAB
has a characteristic of a large decay time constant of 35 ns, and is therefore
classified as a slow liquid scintillator. This feature could be used to separate
Cherenkov and scintillation lights by analyzing the time profile of the analogous
output of a photomultiplier tube (PMT), given that the prompt time region
will be dominated by the former while the later times will be dominated by the
latter. The slower the fluorescence, the better the separation ability.
Since the light yield of LAB is much lower than that of typical liquid scintilla-
tors widely used in neutrino experiments, especially in low-energy solar neutrino
experiments, CHESS experiment [20, 21] has made a good progress by adding
2,5-diphenyloxazole (PPO) and applying fast photon detectors [22] to enhance
the light yield and maintain the scintillation-Cherenkov separation ability. How-
ever, for large neutrino detectors (quick absorption below 400 nm in LAB)
or neutrino detectors using acrylic material (transmittance is cut off at about
300 nm), the light propagation loss cannot be ignored. We still need to shift the
emission spectrum from the short wavelength to the longer range (> 400 nm) to
reduce the light propagation loss. This can be achieved by adjusting the con-
centrations of PPO and 1,4-bis (2- methylstyryl)-benzene (bis-MSB) [23, 24].
On the other hand, adding too much PPO and bis-MSB will weaken the scin-
tillation and Cherenkov separation ability because the Cherenkov photons will
be absorbed and the time constants will be smaller. This is especially critical
when using a more economical PMT detection approach (the timing precision
of PMT is on the nanosecond scale and massive production is possible). The
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balance of time profile and light yield is vital to both the Cherenkov separation
ability and high energy resolution and thus requires further study.
In this study, we investigated the effect of adding both PPO and bis-MSB to
LAB. We first scanned the light yields and time profiles of cosmic-ray muons for
various LAB with PPO and bis-MSB combinations, and used an energy transfer
model to describe the inverse relationship between them (Section 2). We then
measured the scintillation emission spectra (Section 3) and the transmissions
in acrylic (Section 4),which is a typical material for scintillator containers. We
further measured the attenuation length (Section 5) for a typical sample with
a long-arm apparatus. We evaluate the performances of candidate samples for
neutrino detection in Section 6, and finally, we summarize the findings of our
study in Section 7.
2. Study of light yield and scintillation time
2.1. Apparatus
The detector is shown in Fig. 1; in the setup, where four plastic scintillators
were positioned vertically. The four coincident signals were used to provide a
trigger for a muon traveling from the top to the bottom. Two additional plastic
scintillators were placed next to the coincident bottom scintillator to serve as
a veto counter to exclude events with muon shower activity, which can destroy
the distinguished time profile.
Approximately 15.4 L of a liquid scintillator sample was placed in an acrylic
container (36.4 cm height) and the container was placed between the second
and third coincident scintillators. PPO and bis-MSB were then weighed by
an electronic balance (1 mg division minimal) and dissolved in a 500 mL beaker
filled with LAB. The concentrated solution was poured into the acrylic container,
and the mixture was thoroughly stirred.
The inner surface of the acrylic container was lined by a layer of black coarse
acrylic to suppress reflections. The top and bottom PMTs symmetrically aligned
with the acrylic container were then immersed in the liquid scintillator.
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Figure 1: Detector structure for this slow liquid scintillator study.
The light signals from the six plastic scintillators and the liquid scintillator
were collected by eight PMTs. The top and bottom PMTs used to acquire the
signals of the liquid scintillator were Hamamatsu model R1828-01 with a 46 mm
diameter for the effective photocathode area. The quantum efficiency is more
than 10% from 300 to 530 nm. The rise time of the anode pulse is 1.3 ns. Other
parameters of the PMTs can be found elsewhere [25].
Once a trigger signal was issued, a 10 bit, 1 GHz flash analog-to-digital con-
verter (FADC, model CAEN V1751) opened a 4096-ns window and read out the
voltage waveforms for all eight PMTs.
2.2. Event selection
To eliminate electronic noise and multi-track events, several characteristic
variables, namely peak, width and charge (waveform area), were studied for
each waveform.
• Electronic noises were primarily caused by the power supply of the PMTs.
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The waveform of this noise was much narrower than that produced by a
photon. Cuts on both the peak-to-charge-ratio and peak-to-width-ratio
were applied to significantly suppress these backgrounds.
• Muon showers may occur when an energetic muon spalls with an atom.
This background was first rejected by the two anti-coincidence scintilla-
tors. The charges of the four coincidence scintillators were also applied
when an event with charge significantly deviated from the average.
For the purpose of comparison, we selected 2,000 candidates for the top and
2,000 for the bottom PMTs. The event rate was about 1.7 /min. The average
waveforms among the selected candidates were then calculated, as shown in
Figures 2(a) and 2(b), respectively. The relative difference of the gains and
acceptances between the two PMTs were corrected by the gain calibration and
Monte-Carlo simulation in these figures. Since the vertical muons only come
from the top, the top PMT can only detect the isotropic scintillation light
rather than the forward Cherenkov light emitted by these muons, while the
bottom PMT can detect both lights. We investigated the time profiles from the
two PMTs and observed that there was a clear enhancement in the first 20 ns
for the amplitude of the bottom PMT with respect to the top one. This is due
to the contribution from the prompt Cherenkov component and the peak height
is highly dependent on the concentration of PPO and bis-MSB. A previous
study [26] indicated that the absorption of light is intensive for those with
wavelength less than 400 nm, and the number of Cherenkov photons is reduced
as a consequence
2.3. Time profile measurement
We constructed a function of the time profile with the PMT time response
convoluted, taking both the Cherenkov and scintillation light contributions into
account, as expressed by,
fb(t) = [Acδ(t− tc) +Asn(t− ts)]⊗ gaus(σb), (1)
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(a) The average waveform of the top PMT.
Only the scintillation light is presented.
0 25 50 75 100 125 150 175 200
Time [ns]
−0.09
−0.06
−0.03
0.00
Vo
lta
ge
[V
]
LAB
LAB + 0.04 g/L PPO
LAB + 0.07 g/L PPO + 13mg/L bis-MSB
LAB + 0.1 g/L PPO
(b) The average waveform of the bottom
PMT. The sum of Cherenkov and scintilla-
tion lights are presented.
Figure 2: The average waveforms of the top and bottom PMTs.
where Ac is the amplitude of the Cherenkov light, tc is the mean arrival time of
the Cherenkov light, δ(t) represents the time profile of the prompt Cherenkov
emission, which is a delta function since it is an instant process comparing to
PMT timing precision of ns. As and ts are the amplitude and start time of
the scintillation light, respectively, n(t) is the time profile of the scintillation
emission, gaus(σb) is the PMT time response function. In a binary or ternary
scintillator system, emissions may feature a finite rise time or be slightly length-
ened in duration due to the finite time of intermolecular energy transfer [27]. In
organic solution scintillators, emissions present a finite rise time τr and a decay
time τd so that a normalized pulse shape of scintillation light can be written as
n(t) =
τr + τd
τ2d
(1− e−t/τr ) · e−t/τd (2)
In contrast to the waveform of the bottom PMT, the waveform of the top
PMT includes only the scintillation light contribution, which is expressed as
ft(t) = Asn(t− ts)⊗ gaus(σt). (3)
where As is the scintillation amplitude, ts is the start time of the scintillation
light, which are the same as the values in Eq. (1), and n(t) is the time profile
in Eq. (2). The time resolution σt is also taken into account. Both the time
constants τr and τd can be determined by Eq. (1) and Eq. (3). For example,
from a LAB sample with 0.07 g/L PPO and 13 mg/L bis-MSB we determined
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Figure 3: The fit to the waveforms of the top and bottom PMT for the sample of LAB with
0.07 g/L PPO and 13 mg/L bis-MSB.
τr = (1.16±0.12) ns and τd = (26.76±0.19) ns, respectively. The fitting results
for both the top and bottom PMT waveforms are shown in Fig. 3(a) and 3(b),
respectively.
2.4. Light yield measurement
The number of scintillation photoelectrons (PE) Ds detected by the bottom
PMT can be expressed as,
Ds =
As
Ae
, (4)
where Ae is the single PE charge obtained from the PMT gain calibration, while
As is the fitting result from both Eq. (1) and Eq. (3).
The total number of scintillation photons Ns can be obtained from Ds di-
vided by the detection efficiency εs,
Ns =
Ds
εs
=
As
εs ·Ae . (5)
The detection efficiency was estimated with Geant4 [28, 29]-based Monte-Carlo
simulation. The geometry represented in Fig. 1 was implemented in the Geant4
simulation. Muons were sampled according to the Gaisser formula [30]. The sim-
ulation considered the emission spectra of different samples, quantum efficiency
spectrum of PMT and attenuation length dependence on wavelength. Standard
electromagnetic and muon-nucleus processes were both included. More details
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of the simulation can be found in [19]. The dominant uncertainty was found to
be associated with the PMT quantum efficiency and estimated to be 10%.
The scintillation light yield Y can be calculated by
Y =
Ns
Evis
=
As
εs ·Ae · Evis
, (6)
where Evis is the total visible energy and estimated to be (69.1 ± 1.9) MeV
from the simulation. It is important to note that this light yield includes the
contribution from the hard UV portion of Cherenkov light because of the ab-
sorption and re-emission of photons. Since these photons lost the directional
information of the original Cherenkov photons, they were treated as part of the
effective scintillation yield.
The quenching effect of muon is described by Birks’ constant, which is
0.015 cm/MeV for low-energy electrons [31]. The difference with and without
Birks’ constant results in an uncertainty of 2.8%.
The distance from the light production point along the muon track in the
scintillator to each PMT photocathode is several tens of centimeters, which is
much shorter than the attenuation length at wavelength longer than 400 nm. In
the shorter wavelength region, the attenuation length cannot be ignored. The
attenuation length spectrum can be represented as the combination of all the
solution components,
1
L
=
∑ ni
n0iLi
, (7)
where L is the total attenuation length, ni is the concentration of the i-th
component and Li is the attenuation length measured at concentration n0i.
[26] and [32] give the attenuation length spectra of pure LAB, LAB+3 g/L
PPO, LAB+3 g/L PPO+15 mg/L bis-MSB, and the inherent attenuation length
spectra of PPO and bis-MSB can then be extracted from that of the compound
according to Eq. (7),
1
LPPO
=
1
LLAB+PPO
− 1
LLAB
, (8)
1
Lbis−MSB
=
1
LLAB+PPO+bis−MSB
− 1
LLAB
− 1
LPPO
. (9)
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For the LAB sample with 0.07 g/L PPO and 13 mg/L bis-MSB, the numbers
of measured PEs at the top and bottom PMTs are shown in Table. 1, and the
uncertainties are all fitting errors. The number of detected Cherenkov PEs was
5.47± 0.22. The light yield for the sample was estimated to be (4.01± 0.60)×
103 photons/MeV.
Top Bottom
Cherenkov −− 5.47± 0.22
Scintillation 56.1± 1.2 56.1± 1.2
Table 1: Measured photoelectrons for the LAB sample with 0.07 g/L PPO and 13 mg/L
bis-MSB. The scintillation light was assumed to be isotropic, and thereby gave the same
photoelectrons for both the top and bottom PMTs.
2.5. Scanning of light yield and scintillation time
We changed the concentration of PPO with different bis-MSB solutions, by
measuring the scintillation light yield, rise time constant, decay time constant
and Cherenkov photoelectron yield for each sample. The results and the scintil-
lation photon detection efficiencies are shown in Table 2. These quantities can
affect the performance of separation between scintillation and Cherenkov lights.
The decay time constants and scintillation light yields are plotted in Fig. 4
for all the test samples and showing an inverse relationship. The effect of wave-
length shifter bis-MSB on decay time constants and scintillation light yields is
relatively insignificant at low concentrations. Increasing PPO concentration will
result in higher light yields and smaller time constants.
To understand this inverse relationship between the scintillation light yield
and the decay time constant, the mechanism of light emission in the scintilla-
tor was examined. As shown in Fig. 5, incident charged particles in a liquid
scintillator deposit their energies, some of which can be transferred between
molecules.
The light yield Y from the energy transfer was modeled by [33], as expressed
by Eq. (10), in which the amounts of energy transfer is represented by the PPO
10
PPO bis-MSB
Detection Scintillation Rise time Decay time Number of
efficiency light yield constant constant Cherenkov
(g/L) (mg/L) (×10−4) (103 photons/MeV) (ns) (ns) photoelectrons
0 0 1.54± 0.23 2.53± 0.38 12.20± 1.39 35.42± 1.18 10.06± 0.40
0.02 0 2.23± 0.33 2.69± 0.40 3.72± 0.10 34.31± 0.42 9.08± 0.36
0.04 0.13 2.23± 0.33 3.04± 0.46 2.33± 0.20 30.55± 0.30 7.56± 0.30
0.07 0 2.20± 0.33 3.36± 0.50 1.33± 0.13 26.72± 0.20 8.58± 0.34
0.07 13 2.02± 0.30 4.01± 0.60 1.16± 0.11 26.76± 0.19 5.47± 0.22
0.1 0 2.18± 0.33 4.18± 0.63 1.15± 0.10 24.85± 0.14 8.26± 0.33
0.1 130 2.05± 0.31 5.45± 0.82 1.07± 0.18 20.94± 0.10 4.84± 0.19
0.5 0 2.13± 0.32 6.98± 1.05 1.00± 0.05 14.96± 0.04 7.55± 0.30
2 0 2.14± 0.32 9.57± 1.44 0.81± 0.04 8.88± 0.02 7.18± 0.29
3 0 2.10± 0.32 9.54± 1.43 0.64± 0.04 7.72± 0.02 7.24± 0.29
3 10 2.17± 0.33 11.59± 1.74 0.77± 0.04 7.63± 0.01 5.08± 0.20
Table 2: The scintillation photon detection efficiencies, scintillation light yields, time constants
and Cherenkov PE numbers of the LAB samples with different concentrations of PPO and
bis-MSB.
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Figure 4: Decay time constant versus scintillation light yield for different concentrations of
LAB, PPO, and bis-MSB solutions. The dashed line is a fit of Eq. (13).
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Figure 5: A simplified model of energy transfer paths between donor (D) and acceptor (A)
molecules in a liquid scintillator. [33]
concentration A,
Y = D · 1
1 +
λsqA
λe
· 1
1 + λiλaA
(10)
where D is the number of excited solvent molecules, λsq is the self-quenching
factor, λe is the rate of photon emission after self-quenching, λi is the internal
loss factor of solvent molecules, and λa is the energy transfer from the solvent
(donor) molecules to the solute (acceptor) PPO molecules.
The self-quenching effect is due to the interaction between unexcited and
excited PPO molecules. The excitation energy is lost by collision and since
the self-quenching can be neglected for the case of low PPO concentration (<
10 g/L), the light yield can thus be simplified as
Y =
DA
A+ λiλa
(11)
The decay time constant τ can be described as the sum of the solute intrinsic
lifetime τs and energy migration transfer (or hopping) time [34],
τ = τs +
A0
khA
(12)
where kh is the effective energy migration transfer rate for a given concentration
A0. The number of energy migration transfer processes caused by solvent-
solvent collisions is inverse proportional to the PPO concentration A.
Combining Eqs. (11) and (12), we can obtain the relationship between the
light yield and decay time constant,
τ = τs − A0λa
khλi
+
A0λaD
khλi
· 1
Y
≡ τ0 + C
Y
(13)
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where τ0 ≡ τs − A0λakhλi and C ≡ A0λaDkhλi . This clearly indicates an inverse rela-
tionship between the decay time constant τ and the scintillation light yield Y .
We observed that Eq. (13) was consistent with our measurements as indicated
in Fig. 4.
As shown in Table 2, when the concentration increases beyond 0.1 g/L, the
decay time constant is so small that the separation between scintillation light
and Cherenkov light from the pulse shape discrimination becomes difficult. In
the mean time, the addition of bis-MSB reduces the number of Cherenkov pho-
tons , even though it can shift the wavelength to the detectable region. Samples
of LAB with 0.07∼1 g/L PPO and 0∼13 mg/L bis-MSB could be good slow
liquid scintillator candidates and should be more thoroughly investigated.
3. Emission spectrum
The emission spectra of the candidate samples were measured using a RTI
fluorescence spectrometer (made by Ocean Optics) excited at 260 nm. The
relevant spectra are shown in Fig. 6. LAB emits light at 280∼300 nm. However,
in a bulk solution, both re-absorption and re-emission occur during the light
propagation process and shift the wavelength upward. It is important to note
that the wavelength range from 380 to 500 nm is detectable to the PMT and
transparent to the acrylic. From the emission spectra, it was possible to conclude
that a significant amount of additional bis-MSB should be required. Fig. 6 shows
that the additions of 13 mg/L or more bis-MSB have similar wavelength spectra.
The formulas with no bis-MSB addition have a better Cherenkov separation
capability, but may lead to a lower photoelectron yield. There is a trade-off
between the photoelectron yield and Cherenkov separation capability. These
emission spectra were implemented in the simulation for evaluating the detection
efficiency in Section 2. It is important to note that the sample container cell of
the RTI fluorescence spectrometer is 10×10×10 cm3, and the spectra measured
is not at the origin of excitation. This was reflected in our simulation for the
15.4 L device.
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Figure 6: Emission spectra of the pure LAB, usual LS (red line) and slow liquid scintillator
candidates.
Combining the emission spectra with the scanning results in Table 2, we
chose the formula of LAB with 0.07 g/L of PPO and 13 mg/L of bis-MSB as our
slow liquid scintillator candidate, since it has reasonable light yield and time
constants, while maintaining more than half of the Cherenkov photons with
respect to the pure LAB. The emission spectrum was shifted to the detectable
range above 390 nm, falling into the detectable region with almost no optical
loss in acrylics (see Section 4).
4. Optical transmission of acrylic
Since acrylics are compatible with LAB-based liquid scintillators in terms
of chemical and optical properties, they are widely used for the scintillator
vessels in neutrino experiments. However, to maintain a kiloton-scale liquid
scintillator, the acrylic vessel should be at least several centimeters thick, as
used in the SNO experiment [35]. As a result, the optical transmission loss in
acrylic cannot be ignored. To evaluate the effect, we performed a qualitative
study on the transmission for a UV transparent acrylic sample (UV transparent
type made by DONCHAMP, China).
The test stand included a deuterium lamp and a spectrometer (Ocean Op-
tics) with a 10-mm-thick test sample plate in between, as shown in Fig. 7. The
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Figure 7: The schematic of the apparatus used for the acrylic optical transmission measure-
ment.
lamp light was set perpendicularly incident to the acrylic plate and the spec-
trometer was used to measure the transmission light. For comparison, the light
intensity spectra was measured. The corresponding light intensity spectra were
referred to as K1 and K0. The ratio between K1 and K0 is a function of the
transmissivity t and reflectivity r for the acrylic sample as illustrated in Fig. 8.
For the case of a vertical incident light, the transmission intensity should be
t(1− r)2 + t3r2(1− r)2 + · · ·, and the ratio can therefore be written as
K1
K0
=
t(1− r)2
1− t2r2 . (14)
The reflectivity r can be derived from the Fresnel formula ,
r =
(
n− 1
n+ 1
)2
. (15)
where n is the reflective index. The curve of transmissivity as a function of
the wavelength was obtained from Eqs. (14) and (15) is shown in Fig. 6. The
acrylic sample was found to be nearly transparent in the visible light wavelength
15
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Figure 8: Transmissivity and reflectivity of an acrylic layer. The intensity of the incident light
beam is 1, the transmissivity of the sample is t, and the reflectivity in air is r. The light beam
hits the interface at a perpendicular angle in the experiment, but in this figure the light beams
are drawn at a non-perpendicular angle to easily distinguish the incident from reflection light
beams.
range (i.e., > 400 nm) and became almost opaque in the wavelength range below
270 nm. As shown in Fig. 6, the spectrum of emission light for the pure LAB was
below 400 nm and should be shifted upward to avoid the absorption of acrylics.
5. Attenuation length of the scintillator
If all the chemical components in the scintillator were precisely known, the
attenuation length might have been easily obtained using Eq. (7). Given the
fact that the impurity of the sample is difficult to know, a photometer was used
to measure the attenuation of the slow liquid scintillator candidates [36, 37]. A
schematic of this photometer is shown in Fig. 9(a).
An LED lamp was mounted at the top of the photometer. Light was refo-
cused from a lens to ensure it to travel through a diaphragm and a 1 m-long
stainless steel pipe filled with the liquid scintillator. The liquid level in the pipe
was controlled by a solenoid valve and a liquid level sensor. A PMT (Hama-
matsu R7724, 51 mm diameter) was installed at the bottom of the equipment
to receive light, and the wavelength of the response displayed a maximum at
420 nm [25].
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Figure 9: (a) A schematic of the variable pathlength photometer used for attenuation length
measurement. (b) The emission spectrum of the LED mounted at the top. The central peak
is 430 nm.
The slow liquid scintillator used in the measurement was the LAB with
0.07 g/L of PPO and 13 mg/L of bis-MSB, which had an emission spectrum
that partially overlapped with that of the LED light used in the experiment.
As shown in Fig. 9(b), the LED spectrum is not monochromatic, so the light
attenuation cannot be described by a simple exponentially decreasing curve. In-
stead, the intensity of transmission light I(x) is described by a weighted average
of the LED spectrum f(λ),
I(x) = I0
∫
f(λ)e−x/L(λ)dλ, (16)
where I0 is the intensity of incident light. For the sake of convenience, two
exponentials were used to describe the data.
I(x) = I0
[
αe−x/L1 + (1− α)e−x/L2
]
, (17)
where α is the fraction of the component with a longer attenuation length (re-
ferred to as L1), while L2 is the shorter attenuation length. The fitting result
is shown in Fig. 10, in which α was determined to be 0.925± 0.003, L1 and L2
were determined to be (9.37± 0.44) m and (0.16± 0.02) m, respectively.
It should be noted that the measured attenuation lengths actually included
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Figure 10: Two-exponential fitting results of LAB with 0.07 g/L PPO and 13 mg/L bis-MSB.
The green line reflects the long attenuation length component.
the contribution from the absorption, re-emission, and scattering effects [38, 39].
It is understood that with a purification process the attenuation length can be
extended to 20 m.
6. Performance evaluation for the candidate sample
In this section, the possibility of using the candidate samples to satisfy both
the detection requirements of solar and supernova relic neutrino experiments [7]
is proposed. The detection feature is demonstrated by an analytical calculation
with an empirical detector model.
6.1. Solar neutrino study
The impact of the slow liquid scintillator on future solar neutrino experi-
ments was studied, for example the neutrino experiment at Jinping [2], in which
a minimum light yield of 500 photoelectrons/MeV is required. To evaluate the
effect, we set up a detector model, as shown in Fig. 11, which was similar to
SNO+ [40]. The target material filled in an acrylic or nylon inner vessel was
1 kiloton (6.5 m radius) liquid scintillator, 4,000 or more PMTs were placed
around the inner vessel in the buffer water, the height and diameter of the
water tank were both 12 m.
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Figure 11: A typical solar neutrino observatory with 1 kiloton target mass.
The photoelectrons yield E of a scintillator neutrino detector is calculated
using
E = Y ·  · c · q (18)
where Y is the light yield,  is the light propagation efficiency, c is the photo-
cathode coverage and q is the quantum efficiency.
We assumed the PMT photocathode coverage and average quantum effi-
ciency to be 70% and 20%, respectively. Efficiency loss due to the acrylic vessel
was ignored owing to the wavelength shifter. For the effect of self attenuation,
the light propagation efficiency was 46.2% in the center of the detector. For the
sample of LAB with 0.07 g/L of PPO and 13 mg/L of bis-MSB, the scintillation
light yield is roughly E = 4010× 46.2%× 70%× 20% = 260 PE/MeV.
If the PMT photocathode coverage can reach 100% with the help of light
concentrators [41], PMTs with high quantum efficiency (> 30%) can be adopted,
and the attenuation length can reach up to 15 m [42] (i.e., the average propa-
gation efficiency was 60%, then the photoelectrons yield could be increased to
720 PE/MeV, or 3.7% at 1 MeV of detectable energy). This value meets the
requirement in the Jinping proposal for the solar neutrino study [2].
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6.2. Supernova relic neutrino study
The detection of supernova relic neutrinos [7] does not have a stringent
requirement for the light yield. The suppression of the neutral and charged
current backgrounds induced by atmospheric neutrinos relies on the identifica-
tion of neutrons and protons. For the region of interest, the positron signals
are between 10∼30 MeV. Unlike the recoiled protons, these positrons are over
Cherenkov production threshold. About 500 Cherenkov photons are emitted
in the 400∼700 nm range for a 10 MeV positron. Considering a quantum effi-
ciency of 30%, a light propagation efficiency of 60% and photocathode coverage
of 100%, approximately 90 photoelectrons are predicted to be detected by the
PMTs in the forward Cherenkov ring direction. Based on the separation ca-
pability shown in Fig. 3, where the signal to background ratio (Cherenkov to
scintillation) within the first 10 ns is approximately 1. The 90 photoelectrons
from the Cherenkov light should have been easily identified. The samples with
0.07 g/L of PPO and 13 mg/L of bis-MSB or formulas with similar PPO and bis-
MSB concentrations could be a potential candidate to supernova relic neutrino
detection and further studies are necessary to assess the gain in sensitivity.
7. Conclusion and outlook
In this study, the liquid scintillator mixtures of LAB, PPO and bis-MSB
solution with different compounding ratios were investigated. An inverse rela-
tionship between the light yields and decay time constants for these samples
was observed. The relationship was understood by the mechanism of the energy
transfer between scintillator molecules. The emission spectra of these samples
were also reported. The addition of PPO and bis-MSB could enhance the light
yield and shift the emission spectrum toward a more optically transparent re-
gion.
For the first time, samples of LAB with around 0.07 g/L of PPO and 13 mg/L
of bis-MSB or formulas with similar concentrations are shown to display a good
balance between scintillation decay time and light yield. This combination with
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the PMT detection approach could serve as good slow liquid scintillator candi-
dates for solar and supernova relic neutrino experiments. The concentrations
of PPO and bis-MSB could be further optimized by using a large test appara-
tus [43] and by performing extensive offline simulations and analyses.
For the direction reconstruction performance of low-energy electrons be-
low 10 MeV, a more complicated full detector simulation and reconstruction
method is being studied. Its impact on the detection of geoneutrinos through
the electron-neutrino scattering will be reported.
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